Abstract Future changes of terrestrial ecosystems due to changes in atmospheric CO 2 concentration and climate are subject to a large degree of uncertainty, especially for vegetation in the Tropics. Here, we evaluate the natural vegetation response to projected future changes using an improved version of a dynamic vegetation model (CLM-CN-DV) driven with climate change projections from 19 global climate models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5). The simulated equilibrium vegetation distribution under historical climate (1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000) has been compared with that under the projected future climate (2081-2100) scenario for Representative Concentration Pathway 8.5 (RCP8.5) to qualitatively assess how natural potential vegetation might change in the future. With one outlier excluded, the ensemble average of vegetation changes corresponding to climates of 18 GCMs shows a poleward shift of forests in northern Eurasia and North America, which is consistent with findings from previous studies. It also shows a general "upgrade" of vegetation type in the Tropics and most of the temperate zones, in the form of deciduous trees and shrubs taking over C3 grass in Europe and broadleaf deciduous trees taking over C4 grasses in Central Africa and the Amazon. LAI and NPP are projected to increase in the high latitudes, southeastern Asia, southeastern North America, and Central Africa. This results from CO 2 fertilization, enhanced water use efficiency, and in the extra-tropics warming. However, both LAI and NPP are projected to decrease in the Amazon due to drought. The competing impacts of climate change and CO 2 fertilization lead to large uncertainties in the projection of future vegetation changes in the Tropics.
Introduction
Many studies have investigated the impact of climate change on terrestrial vegetation distribution, structure and biogeochemical activities over different time scales based on fossil records (Cerling et al. 1997; Prentice et al. 1991) , remote sensing data (Nemani et al. 2003; Myneni et al. 2007; Piao et al. 2003; Lucht et al. 2002) and in-situ observations (Xu et al. 2004; Gough et al. 2008) . The terrestrial ecosystem's carbon balance and storage are also heavily influenced by changes of temperature, precipitation, CO 2 concentration and nutrients (Bousquet et al. 2000; Schimel et al. 2001; Piao et al. 2011 ). Different models have been developed to predict vegetation based on climate information. The equilibrium models such as BIOME3 (Haxeltine and Prentice 1996) and MAPSS (Neilson 1995) relate vegetation distribution to a set of climate filters. Global dynamic vegetation models (DGVM) simulate vegetation distribution, structure and functions based on terrestrial carbon balance. This class of models include for example IBIS (Kucharik et al. 2000; Foley et al. 1996) , TRIFFID (Cox 2001) , LPJ-DGVM (Sitch et al. 2003) , SDGVM (Woodward and Lomas 2004) , and ORCHIDEE (Krinner et al. 2005) . The current generation of DGVMs is limited by their simplistic representation of vegetation functional diversity and competition (e.g., Sitch et al. 2008) . Several 2nd generation DGVMs have been developed to address some of these limitations, including for example SEIB-DGVM (Sato et al. 2007 ), aDGVM2 (Scheiter et al. 2013) , and ED (Moorcroft et al. 2001; Fisher et al. 2010) .
Future climate change is expected to significantly influence the terrestrial ecosystems with the potential to cause diversity and biome shifts (Williams et al. 2007; Sala et al. 2000) as well as dramatic changes in carbon fluxes and storages (Matthews et al. 2005; Cox et al. 2000; Friedlingstein et al. 2001; Dufresne et al. 2002) . Lucht et al. (2006) using LPJ-DGVM simulated widespread shifts of major vegetation types including increased coverage of deciduous trees and an northward shift of boreal forests in some areas. Alo and Wang (2008) used the Community Land Models' Dynamic Global Vegetation Model (CLM-DGVM) driven with climate projections from eight GCMs to study the response of vegetation to climate changes. They found in their model a poleward spread of temperate and boreal forests in the northern high latitudes and a degradation of vegetation types in the Tropics. A recent study using one of the latest generation of the Earth-System configuration of the 2nd Hadley Centre Global Environmental Model (HadGEM2-ES) simulated a poleward shift of temperate and boreal forests and woody tundra in all four selected future greenhouse gases (GHG) emission scenarios (Betts et al. 2013) . These general responses are also produced by more regionally focused modeling studies, including the northward spread of boreal trees in northeastern China projected by LPJ-DGVM (Tao and Zhang 2010) and the degradation of tropical vegetation in Amazonia simulated by a potential vegetation model CPTEC-PVM2.0Reg (Salazar and Nobre 2010) .
Global vegetation in the next century is likely to become denser in response to significant warming in the middle and high northern latitudes (Jiang et al. 2011; Lloyd 2005) . The increase of vegetation density could cause a decrease of surface albedo and an increase of absorbed solar radiation, thus enhancing the original warming (Levis 2010) . On a global scale in numerical models, a positive feedback was identified between the terrestrial ecosystems and warming although uncertainties exist (Heimann and Reichstein 2008) . Using six DGVMs, Cramer et al. (2001) studied ecosystem responses to rising atmospheric CO 2 concentration and climate change, and suggested a reduced carbon sink for the late 21st century as a result of climate change compared to the CO 2 change alone. Results from eleven models participating in the Coupled Climate-Carbon Cycle Model Intercomparison Project (C 4 MIP; Fung et al. 2000) show a consensus that the efficiency of the earth system to absorb anthropogenic carbon will likely be reduced in the future due to climate change (Friedlingstein et al. 2006) . Ahlström et al. (2012) studied the spatio-temporal carbon balance patterns in the coming century by forcing one DGVM, LPJ-GUESS, with 18 models' CMIP5 RCP8.5 climate. They found robust patterns of extra-tropical carbon loss in the model, despite large differences in the magnitude of the losses. Their study focused on assessing the effects on terrestrial carbon fluxes, but not on changes of vegetation distribution or structure.
In this study, we re-examine potential vegetation changes taking advantage of more recent model capabilities and climate projections. Here a modified version of the dynamic vegetation model embedded in the NCAR CLM4 is used to study future changes of potential vegetation in response to CO 2 enrichment and the resulting climate change from 1981-2000 to 2081-2100. The model is forced with CMIP5 RCP8.5 climates from 19 different GCMs. Of special interest to us is whether the main findings from past studies still hold under the new data and new model capacity. Section 2 describes the model and methodology. Simulation results are analyzed in Section 3, followed by a summary and conclusions in Section 4.
Method

Dynamic vegetation model
A revised version of the dynamic vegetation model incorporated in the NCAR CLM4 is employed in our study. CLM4 depicts biogeophysical and biogeochemical mechanisms in terrestrial ecosystem by merging the prognostic carbon-nitrogen dynamics of terrestrial biogeochemistry model (Thornton et al. 2002; Thornton and Rosenbloom 2005) with the biophysical framework from the previous versions of CLM. The ecosystem processes, such as carbon and nitrogen allocation, phenology, and mortality, are dealt with in the carbonnitrogen model (CN) (Oleson et al. 2010) . Also embedded in CLM4 is a dynamic vegetation model (DV), which simulates plant biogeography updates for unmanaged plant functional types (PFTs). DV simulates the biogeographic processes according to the CN-based carbon budgets at the annual time step, including competition, establishment and survival (Levis et al. 2004) . Fifteen natural PFTs are considered in the model, and all PFTs plus bare ground can coexist in each column of soil. Crops can be dealt with separately using the crop model , which acts to represent the managed PFT. In our study, only the unmanaged PFTs are simulated and crops are excluded. The CN-DV model is able to simulate present-day vegetation distribution reasonably well compared with the MODIS-derived dataset. Gotangco Castillo et al. (2012) showed that CLM4-CN-DV performs better in simulating terrestrial ecosystem than its predecessors (e.g., CLM3-DGVM, Bonan and Levis 2006; CLM3.5-DGVM, Oleson et al. 2008) .
Compared with the CLM4-CN-DV public release, the version used here includes several modifications. The most significant modifications are made to incorporate the gross primary production (GPP) parameterization of Bonan et al. (2011) and its impact on transpiration, a new feature of CLM4.5 (Oleson et al. 2013 ), but CLM4.5 was not publically released at the time this study was commenced. Consistent with this modification are changes in the value of nitrogen-related plant physiological parameters according to Bonan et al. (2011) but with additional calibrations for broadleaf trees and C4 grasses. Other important modifications include refinement of the water-controlled phenology scheme for tropical broadleaf droughtdeciduous trees, and the addition of a climate filter to distinguish drought deciduous trees and evergreen trees in the dry tropics. Specifically, instead of using the water potential in a single soil layer to control the trigger for growth and senescence as in the default model, here we use the soil water potential from the wettest layer of the top three layers as the trigger for growth offset and from the driest layer of the top three as the trigger for growth onset. This eliminates a spurious second growing season in the middle of seasonal droughts simulated by the default CN model in many areas. In the default DV model, temperature is the only factor considered in determining whether a specific PFT may exist in a given climate; all PFTs then compete under the given climate condition based on their carbon budgets (which result from biogeochemical processes influenced by both temperature and water availability). In the model used here, a constraint has been added to explicitly consider the water-related limitation of vegetation survival, based on a multi-year running mean of the length of the drought-induced dormant season in each year. In areas where this running mean is longer than a certain threshold (45 days is used here), tropical broadleaf evergreen trees are not allowed to exist. In this study we use a 20-year running mean. The impacts of all these modifications on model results are documented in Figs. S1-S3 of Supplementary Material.
Methodology and experimental design
To predict future changes, the atmospheric forcing used to drive the CLM-CN-DV model are meteorological data at the lowest atmosphere level, including incident solar radiation, precipitation, temperature, specific humidity, pressure and wind. These forcing data were derived from GCMs participating in the CMIP5 (Taylor et al. 2012 ) and 19 GCMs (listed in Supplementary Table S1) were chosen based on the availability of 3-hourly or 6-hourly model output.
To evaluate the model performance in simulating the present-day distribution of vegetation, one control simulation (CTL) driven with the 1981-2000 data from Qian et al. (2006) was conducted. The observed spatial distribution for different PFTs derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) dataset as described in Lawrence and Chase (2007) are used as validation.
There are two different approaches to simulate future vegetation changes, the transient approach and the equilibrium approach. The equilibrium approach involves two simulations driven with climate data from two different periods. Each simulation is run until vegetation reaches a state in equilibrium with climate (a.k.a. potential vegetation), and changes are derived from the difference between the two equilibrium vegetation states. By focusing on the potential vegetation, the equilibrium approach provides information on "how" or "to which direction" the vegetation might change in the future. In the transient approach, the simulation starts with an initial vegetation condition corresponding to the beginning of a time period and is driven with transient climate forcing during the continuous period to simulate vegetation changes during the corresponding period. Compared with the equilibrium approach, the transient approach provides more quantitative information on "how much" or "how fast" the vegetation might change in the future. Transient approach also offers the capability to capture climate-vegetation interactions when coupled vegetation-climate models are used. Given the large uncertainties in model parameters related to the rate of vegetation response and our use of offline models, in this study we choose the equilibrium approach.
Using the equilibrium approach, for each GCM, outputs for two 20-year segments, 1981-2000 and 2081-2100, were derived to drive the CLM-CN-DV for present and future simulations respectively. The present 20 years of forcings were from historical experiments, and the future 20 years of forcings were from the RCP8.5 experiments (Taylor et al. 2012 ). RCP8.5 was chosen to maximize the impact of CO 2 concentration change and CO 2 -related climate change on vegetation. CO 2 concentration was set at 353.8 ppm for present simulations and at 850.0 ppm for future ones respectively, according to RCP8.5. Prescribed aerosol deposition in 2000 and 2100 levels were used respectively. The carbon and nitrogen storages were initialized with an NCAR provided CN initial state. Vegetation in each experiment was initialized as bare ground.
Each experiment is run for 200 years to get a quasi-equilibrium state and the last 20-year results in each experiment are analyzed to represent the average states under the specified climate. Here quasi-equilibrium refers to a state where the spatial coverage of PFTs stabilizes under the specific climate despite continuous accumulation of carbon storages. For each GCM, future changes of terrestrial vegetation are derived from the difference between the two 20-year averages. One exception is from the HadGEM2-ES, which only has future data from 2081 to 2099. Therefore, the analysis for the HadGEM2-ES-driven future experiment is based on the last 19 years of results.
However, using the equilibrium approach introduces some uncertainties with respect to the vegetation response to CO 2 concentration and climate changes (Neilson and Drapek 1998) . To assess these uncertainties, a transient vegetation simulation was conducted using the model driven with transient climate forcing including atmospheric variables, CO 2 and aerosol levels from 2026 to 2100 under the RCP8.5 climate from one model, the GFDL-CM3. As a comparison, a pair of equilibrium simulations was conducted driven with RCP8.5 climates from GFDL-CM3 for the periods of 2026-2045 and 2081-2100. Differences between vegetation changes derived from these two approaches reflect the impact of using one approach versus the other.
Results
Simulated present day vegetation distributions
The present-day distributions of vegetation simulated by CLM-CN-DV driven with the Qian et al's forcing are compared with the MODIS data to evaluate the model performance (Fig. S4-S8 in Supplementary Material). Also presented in Figs S4-S8 are the present-day vegetation simulated by CLM-CN-DV driven with various GCMs' present-day climate. Most of the present-day vegetation coverage can be captured by CLM-CN-DV. Two major CLM-CN-DV model deficiencies emerged: its inability to distinguish evergreen and drought deciduous trees in the wet Tropics and inability to simulate shrubs in the tundra regions. GCM biases introduce additional uncertainties. For example, when driven with the IPSL-CM5A-MR, only grasses (and some broadleaf deciduous trees) are produced. Judged by the simulated vegetation under each GCM climate, it appears that higher resolution in GCMs do not necessarily assure better results. This is reflected by the comparison between IPSL-CM5A-MR and IPSL-CM5A-LR, and between the higher-resolution MIROC5 and MIROC-ESM or MIROC-ESM-CHEM. Figure 1 shows the future changes of vegetation derived from simulations using the equilibrium approach and the transient approach respectively. Although slight differences do exist, the two approaches produce generally similar results. The most significant exceptions are in the area northeast of the Caspian Sea and northeastern China. While the equilibrium simulations project more tree coverage at the expense of grasses in Central Asia northeast of the Caspian Sea and more grass coverage at the expense of trees in northeastern China, the simulation using the transient approach does not produce significant changes in either region. In general, the simulations using the equilibrium approach produce slightly stronger changes than that using the transient approach. For example, this difference is evident in changes of tree coverage in southern Europe, the Amazon and Central Africa. It takes time for vegetation, especially trees, to equilibrate with the varied CO 2 concentration and climate, and thus, the magnitude of future vegetation change simulated using the transient approach is understandably smaller than that using the equilibrium approach. However, qualitatively, over most regions of the globe, results from the two approaches are similar. The use of equilibrium approach is considered acceptable for providing a qualitative assessment of how vegetation might change in the future.
Equilibrium approach versus transient approach
Potential future changes
Despite significant differences in the present-day vegetation corresponding to each GCM, future changes of potential vegetation pertaining to future climate changes from different GCMs are very similar. Figure 2 shows the change in tree and shrub coverage as an example. More coverage is projected for areas north of 60°N, the southern U.S., the central part of Asia and areas around the Congo basin. The expansion in high latitudes results from a poleward shift of tree coverage, as is evident from the decrease in the south along about 60°N in Eurasia. A decrease is also seen in central North America. The IPSL-CM5A-MR climate is the only exception, under which the expansion of tree and shrub coverage in high latitudes and the decrease along about 60°N are not clear. IPSL-CM5A-MR appears to be an outlier based on both the vegetation distribution corresponding to its present-day climate as well as the vegetation changes resulting from climate Ensemble averaging has been widely used to filter out uncertainties related to model dependence and derive a robust signal (Meehl et al. 2007) . Figure 3 shows the ensemble Fig. 4 presents the ensemble average of future changes of annual temperature, precipitation and incident solar radiation. Needleleaf evergreen trees are projected to migrate northward in most regions and westward in the Tibetan Plateau, where near-surface temperature increases by more than 6°C although shortwave radiation decreases (Fig. 4a and c) . C3 arctic grasses are projected to move northward also. Temperature increases the most in northern high latitudes and the Tibetan Plateau, reducing the snow coverage and increasing areas suitable for vegetation growth. This in turn would further increase absorption of solar radiation. Space left behind due to the migration of needleleaf evergreen trees and C3 arctic grasses is projected to be colonized by broadleaf deciduous trees, temperate broadleaf deciduous shrubs and C3 non-arctic grasses. The poleward migration of forest is also simulated in the Southern Hemisphere. Over the Amazon and Central Africa, deciduous trees are projected to expand in coverage while C4 grass coverage shrinks. Evergreen trees are projected to become slightly more abundant in Central Africa and less so in the Amazon, which may be a result of precipitation changes in these two areas (increases in Central Africa and decreases in the Amazon) (Fig. 4b) . Although the present-day experiments do not produce much boreal shrubs coverage, a slight decrease of boreal broadleaf deciduous shrubs is projected. Over most regions where precipitation is projected to increase (decrease) by the GCMs, incoming solar radiation is projected to decrease (increase), as a results of increased (reduced) cloudiness. Over regions where water availability is a major factor determining vegetation composition, the impact of solar radiation changes reinforces the impact of precipitation changes through its impact on evapotranspiration.
Accompanying the poleward expansion of forests, leaf area index (LAI) and net primary production (NPP) are projected to increase in areas north of 60°N ( Fig. 5d and e) . The simulated replacement of trees and shrubs by grasses in central North America, central Europe, and areas along about 60°N in Asia is accompanied by decreases of LAI and increases of bare land (Fig. 5c) . NPP is expected to increase in most of these areas suggesting increased productivity of vegetation due to CO 2 enrichment and warming in the future. More trees and shrubs and less grasses are projected over Amazon and Central Africa. LAI and NPP are projected to increase in Central Africa but decrease in the Amazon. Warming and CO 2 enrichment support an "upgrade" of vegetation types in the Tropics, but do not ensure increased LAI and NPP if water supply is limited. Since the increment of coverage for trees is larger than the decrement of grasses coverage, the vegetation coverage is projected to decrease. Partly due to this decrease of vegetation coverage, LAI is projected to decrease despite the replacement of grass by trees. The decreases of LAI and NPP and increase of bare ground coverage between 40°N and 40°S are probably related to the decrease of soil water content (Fig. 5f) , which is likely caused by the decrease of precipitation (Fig. 4b) . However, the decrease of LAI and increase of bare ground coverage in the extratropics cannot be attributed to the change of water supply as temperature is the primary limiting factor for survival and establishment. In central areas of North America, Central Europe and areas along 60°N in Asia, where warming would favor a potential conversion from boreal vegetation to temperate types, an increase of bare ground is projected. This is a result of future temperature being too warm for boreal types yet too cold for temperate vegetation to establish itself in the model. The threshold for cold tolerance for different PFTs may change under future climate as a result of adaptation, but this is not considered in the model. This adds to the uncertainties in the projected vegetation changes.
In the context of this model, the overall future CO 2 and climate change favor a poleward migration of vegetation in high latitudes and a replacement of C4 grasses by broadleaf trees over the Tropics. LAI and NPP are projected to increase except in the Amazon where projected decreases of precipitation will probably limit growth. It is possible that most temperate areas will have more trees and less grass except central North America, central Europe and areas along about 60°N of Asia.
Contributions of atmospheric forcings, CO 2 and aerosol changes
The projected changes of the terrestrial vegetation distribution are caused by the combined effects of climate changes, CO 2 fertilization, and aerosol concentration changes. To examine their individual effect, two additional future experiments were added. One set CO 2 , and WUE (g, in g C/kg H 2 O), based on the ensemble averages of changes corresponding to 18 GCMs concentration to its present-day level and the other set the aerosol concentration to its presentday level. Climates from a selected subgroup of models, ACCESS1.0, CCSM4, GFDL-CM3, IPSL-CM5A-LR and MIROC-ESM, are used to drive these experiments. Note that the impact of aerosol concentration changes on climate is already included in the climate forcing. Its inclusion in the experiments here is to account for the impact of aerosol deposition on surface albedo primarily over snow-covered areas. The impact of aerosols on vegetation distribution (beyond their impact on climate that influences vegetation) is negligible (results not shown). Compared to vegetation changes resulting from all three factors (Fig. 6a, d and g ), excluding the CO 2 fertilization effects produced a qualitatively different vegetation distribution (Fig. 6b, e and h) . Specifically, without including the CO 2 physiological effects, the simulated increase of tree coverage is limited to the northern high latitudes and part of the Tibetan Plateau. With the effects of aerosol being negligible, the changes in Fig. 6b , e and h are primarily due to climate changes. The expansion of boreal tree coverage is supported by warming, and the decrease of tree coverage in the Tropics is due to precipitation decrease and/or warming-induced increase of evapotranspiration. CO 2 fertilization is the main mechanism causing the increase of tree and shrub coverage globally (Fig. 6c, f and i) . In addition, the CO 2 fertilization effect seems stronger for the increase of trees in the Tropics than in temperate zones. A primary reason for this difference is the improved water use efficiency under elevated CO 2 , which leads to more benefit in the Tropics where vegetation is water-limited. Another factor contributing to this difference is the C3 temperate grass benefits more from CO 2 fertilization than the C4 tropical grass (Fig. 3) , as C4 photosynthesis saturates at a lower level of CO 2 than C3. This allows trees (which are C3) to gain a competitive edge over grass in the Tropics. Over most of the globe, the competing effects of climate change and CO 2 fertilization make the projection of vegetation changes a challenging task. 
Summary and conclusions
Potential future changes of vegetation distribution caused by changes of CO 2 and aerosol concentrations and climate changes have been examined in this study. An improved version of CLM4-CN-DV was forced by CMIP5 RCM8.5 climates from 19 GCMs. With the exception of IPSL-CM5A-MR, the climates of all other GCMs support a generally similar pattern for the present-day vegetation distributions at the global scale. Despite major regional differences in the present-day simulations, climate changes from different GCMs lead to very similar changes of future potential vegetation. Discrepancies do exist, and are major in some areas, but the global pattern shows a high degree of consistency among GCMs.
Ensemble average of the results shows an expansion of trees especially needleleaf evergreen trees towards high latitudes, partly due to warming. This agrees with findings from previous studies. It also shows a replacement of some of the C4 grasses in the Tropics by broadleaf deciduous trees, indicating an "upgrade" of vegetation, which is contrary to Alo and Wang's (2008) finding using CLM-DGVM. This disparity is primarily due to the use of two models that are very different in numerous aspects. For example, in CLM-DGVM, drought deciduous trees were forced to maintain a certain length of dormant season, and this dormant length did not change between present and future; in CLM4-CN-DV, the start and end of the dormant season for drought deciduous trees is diagnosed based on soil water potential, leading to a dormant season length that changes with climate. CLM4-CN-DV accounts for the impact of nutrient limitation on photosynthesis and transpiration while CLM-DGVM does not.
Warming and CO 2 enrichment together generally favor a greener world with more trees and less grass in the model. However, in the Amazon and South Africa, decrease of water availability (due to warming and/or reduced precipitation) may result in a decrease of NPP and LAI, despite the increased tree coverage. Overall in the Tropics, climate change alone may lead to less tree coverage. The competing effects of CO 2 fertilization and climate changes along with the uncertainty of projected precipitation changes in the Tropics leads to large degree of uncertainty in the projected future vegetation changes .
Additional uncertainties come from the model and methodology used in this study. The dynamic vegetation component of the CNDV model used on this study belongs to the 1 st generation of DGVMs, with rather simplistic representation of vegetation functional diversity and competition. The results may differ if a second-generation DGVM was used. In addition, all DGVMs suffer from limitations representing physiological processes especially the nitrogen limitation on growth (Walker et al. 2014; Fatichi et al. 2014; Zaehle et al. 2014) . We chose the RCP8.5 climate scenario to maximize the signal. The magnitude of the projected vegetation changes is therefore on the large side. In addition, the use of the equilibrium (as opposed to transient) approach in this study may also have exaggerated the magnitude of changes. Lastly, potential changes explored here are only for natural PFTs. The managed PFTs related with human activities are not included. All these contribute to the uncertainties in the projected future changes of vegetation in this study.
